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EMKOCTHOE COINPOTUBIIEHUE PACCEAHUA
OBMOTKN TPAHC®OPMATOPA

CymMapHoe peakTUBHOE COMPOTUBIEHNE paccesiHNA TpaHcopMaTopa ¢ KOHLEHTPUYECKMU Lint-
TNIMHOPVYECKMMX OBMOTKaMM 3aBUCUT OT TOMLMH KaTylleK M BEMWYMHbI 3a3opa Mexay Humu. Cyliect-
BylOLLME METOAbI HE NMO3BOMSIOT U3MEPATL PEaKTUBHbBIE CONPOTMBIIEHUS PAaCcCesHUS ANs Kaxaoh 0OMOTKM
TpaHcdopmaTopa B OTAENbHOCTW, MO3TOMY YacTo Ansi MPOCTOTbl MonaralT WX paBHbIMU APYr APYry.
B [OeicTBUTENBHOCTU MPUMEHWUTENBHO K paccMaTpuBaeMOMy Crydald OHW CYLECTBEHHO He paBHbI.
B camom pene, pacyeT NoTokoCLiENneHns BHELLHe 0OMOTKM MoKa3biBAET, UTO ee peakTUBHOE COMnpOTUB-
neHve paccesHus bonblue CyMMapHOro COnpoTUBIEHNS paccesHust obenx oBMOTOK. M3 3Toro BbiTekatoT
ABa obcroaTenbcTa. [lepBoe — BHYTPeHHsI 06MOTka TpaHcdopmaTopa MOrmoLaeT MarHUTHbIN NOTOK
B GornbLUen cTeneHn, Yem pacceuBaeT (paccevBaeT CBOV MarHWUTHbIA MOTOK, MOMMOLWAaeT OT BHELUHEN 06-
MOTKM). BTOpoe — ee (3KkBMBaNeHTHOE) peakTMBHOE COMPOTMBIEHWE pacCesHUs SBNSETCS e€MKOCTHbIM.
Llenb nccnepoBaHnst cocTouT B 0BOCHOBaHWM BO3MOXHOCTW 3KCMEPVMEHTarNbHOro onpeneneHns peak-
TUBHBIX COMPOTVBIEHUA paccesHWst Ans Kaaon obmoTkM TpaHcdopmatopa B OTAeNbHOCTU. AKTyarb-
HOCTb paboTbl 06ycroBneHa NOBCEeMECTHLIM pacnpocTpaHeHnem TpaHcopmaTopos. PeakTuBHoe conpo-
TUBMEHNE paccesHNs Kaxaon obMoTku TpaHcopmaTtopa B OTAEMbHOCTU MOXET ObiTb onpefeneHo, no
KpaviHeii Mepe, Tpems aKCrnepuMeHTanbHbIMW MeTodamu, AalowMMK YOOBEeTBOPUTENbHOE COBMageHue
pesynbtaTtoB. o4ty napagokcanbHbI pe3ynbTaT — eMKOCTHbIA XapakTep COMPOTUBMEHWSI paccesiHus
BHYTPEHHel 0BMOTKM TpaHcdopmaTopa NoMyveH NULLb AN KOHLEHTPUYECKNX LINMHAPUYECKMX OOMOTOK.
O606LwaTb ero Ha Apyrve Tunbl 0BMOTOK He crieayeT. [NpeacTaBneHHbIe 3KCnepuMeHTanbHble MeToabl He
npvBsA3aHbl K XapakTepy peakTVBHOCTU COMPOTMBIIEHNN paccesiHus. OHU ABNAIOTCS yHUBEpCarnbHbIMU —
MX MOXHO MCMONb30BaTh Npu MOBbIX TUNax 0BMOTOK. NonyyeHHble pe3ynbTaThbl PEKOMEHAYETCH UCMOosb-
30BaTh NPY MPOEKTUPOBAHUN U UCCIeAoBaHUM TpaHCOPMaTopOoB.

KnioyeBble cnosa: TpaHcdopmaTtop, obmMoTka, paccesHne, UHAYKTUBHbLIN, €MKOCTHOW, NoTo-
KocLenneHve, MarHUTHbINA NOTOK.
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Kurgan State University, Kurgan, Russian Federation

CAPACITIVE RESISTANCE OF THE SCATTERING
OF THE TRANSFORMER WINDING

The total reactance of dispersion of a transformer with concentric cylindrical windings depends
on the thickness of the coils and the size of the gap between them. The existing methods do not allow
measuring the scattering reactances for each winding of the transformer separately, therefore, for sim-
plicity, they are often considered to be equal to each other. In fact, as applied to the case under consid-
eration, they are not substantially equal. In fact, the calculation of the flux linkage of the external winding
shows that its dissipation reactance is greater than the total dissipation resistance of both windings. Two
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circumstances follow from this. The first is that the internal winding of the transformer absorbs the mag-
netic flux to a greater extent than it dissipates (dissipates its magnetic flux, absorbs from the external
winding). The second is that its (equivalent) leakage reactance is capacitive. The purpose of the study is
to substantiate the possibility of experimentally determining the scattering reactance for each winding of
the transformer separately. The relevance of the work due to the widespread distribution of transform-
ers. The scattering reactance of each winding of the transformer separately can be determined by at
least three experimental methods that give satisfactory agreement of the results. An almost paradoxical
result — the capacitive nature of the resistance to dissipation of the internal winding of a transformer was
obtained only for concentric cylindrical windings. It should not be generalized to other types of windings.
The presented experimental methods are not tied to the nature of the reactivity of scattering resistance.
They are universal — they can be used in all types of round-hank. The obtained results are recommend-
ed to use when designing and researching transformers.
Keywords: transformer, winding, scattering, inductive, capacitive, flux linkage, magnetic flux.

Beenenue. CymMMapHOE€ pEAaKTUBHOE CONPOTHUBIIEHHE PACCESHUS
Tparnchopmaropa ¢ KOHICHTPUYCCKUMH MHIUHAPUICCKUMH OOMOTKAMHU
ONPEAEISIETCS KaK

2
_TDW (a4

X , 1
;|3 %S )

rae W — IUKIAYecKas YacToTa Toka, M, — MoCTosHHAas MarHutHas, D —
CpPEeIHMI TuaMeTp OOMOTKH, W — YUCJIO BUTKOB (ITPUBEIEHHOE), [ — BBICOTA
0OMOTKH, 4, —3a30p MEXAY KaTyIIKaMH, d,, d, — TOJIUHBI KaTYIIEK.

Cy1iecTByIoniye METOIbI HE TO3BOJSIOT H3MEPATh PEAKTUBHEIE CO-
MPOTUBJICHHUS PACCESHUS IS KaXIOH OOMOTKH B OTAETBHOCTH, MOITOMY
4acTo JUIs IPOCTOTHI IOJIAral0T UX PaBHBIMU MoJIoBHHE OT (1).

B 1elicTBUTEILHOCTH TIPUMEHHUTEIBHO K PACCMATPUBACMOMY CITy4alo
OHHM CYIIIECTBEHHO HE PABHBI.

B camom nene, mOTOKOCHEIICHUE BHEIIHEH OOMOTKH OMpEIeIseTCs
o ¢popmye

™[t w T Tw, w
W, = Ho Iwzz—lxdx + J. w,iw,dx + I—Zx—zxdx =
[ 0 a4 0 0 & 4
i, W’ ( q, a,
= _+a0 — |,
[ 2 3

I7ie [ — IPUBEIEHHBIN TOK, a W, =W, =W (MHAEKCHI IIOKa3aHbl 1JI HarJsal-

HOCTH WHTETrpupoBaHus). OTCI0]a PEaKTUBHOE COMPOTHUBIICHUE PACCESHUS
BHEIITHEN 0OMOTKH

2
_ W (o

X
> 7 2 73

2)
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Borunranue ero u3 (1) maetr peakTUBHOE CONMPOTHBIICHHE PACCESHUS
BHYTpEHHEH 0OMOTKHU:

_ wH, TOW’ a4
[ 6

Orot pesynbrar nonyuex E.I'. MapkBaparom. OHako OH HE MOJTYUYUI

X =

3)

MIPU3HAHMS U3-32 OTCYTCTBUS HKCIIEPUMEHTAIIBHON IIPOBEPKH.

3HaK «—» B BblpakeHUU (3) yka3bIBaeT Ha ABa oOcrosTenbcTBa. Ilep-
BOE€ — BHYTPEHHsIS1 0OMOTKA MOTJIONIAET MarHUTHBIN MOTOK [ 1—4] B Gosbieit
CTEIEeHH, YeM paccerBaeT (paccenBaeT CBOM, MOIJIOIIAET OT BHEIIHEH 00-
MOTKH). BTOpoe — ee (3KBUBaJICHTHOE) PEAaKTUBHOE CONPOTHUBIICHUE paccesi-
HUS SIBISIETCS EMKOCTHBIM [5—10].

N3 (2) u (3) cnenyer:

_ KW (g 4,
L=———|—+a,+—|, 4
2 / 5 Ty “)
6/
C=—F-—7"—. 5
: W, W aq, ©)

Ieap ucciieqoBaHusi COCTOUT B 0OOCHOBAaHUHM BO3MOKHOCTH JKCIIE-
PUMEHTAJILHOTO OMPEEICHUSI PEAKTUBHBIX COMPOTHUBIICHUIN paccessHusl s
KaXJ0 OOMOTKHM B OTJENIBHOCTH M, B YaCTHOCTH, BepU(UKAIIMKU BbIpaxe-
Huii (2)—(5). AkTyanbHOCTh pabOThl 0OYCIIOBJIEHAa TTOBCEMECTHBIM PACIpO-
crpanenueM tpanchopmatopos [11-20].

C OKCIICPUMCHTAJIbHBIM OIIPCACIICHUEM aKTHBHBIX COHpOTI/IBJ'ICHI/Iﬁ R

u R2 OOMOTOK HET HUKAKHX HpOGJ’ICM. PeakTuBHOE COIIPOTUBJICHHUEC PaCCCs-

HUS 10001 0OMOTKH MOXHO ONPEACIUTh U3 (OPMYIIBI:

x=vz*-r".

[TonHoe compoTHBIIEHHE Z, Ka3aJ0Ch Obl, MOXXHO OMpPEAEIUTh B COOT-
BETCTBUU ¢ 3akoHOM Oma 11715 yuacTtka nenu. OHaKo MpH KOPOTKOM 3aMbl-
KaHUH, IPU KOTOPOM MPHUHATO U3MEPATh PEAKTUBHOE COMPOTUBIICHUE pac-
CesIHUA, HAIPSHKEHUE Ha BTOPUYHOM OOMOTKE paBHO HYIIO. DTO Kak pa3 Ta
MPUYKHA, KOTOpask HE TO3BOJISET pa3fesibHO U3MEPSAThH paccestHUsl 0OMOTOK.
Bmecre ¢ Tem mpoGiieMy MOKHO PelINTh, MPUYEM HECKOJIbKUMHU CIloco0a-
MU. DTO SIBIISIETCS OCHOBHOM 3a7aueil paboThl.
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BbICOKOTOYHBIIT MeTOX X0/10¢TOro xoaa. M3 cxembl 3aMelleHUs
TpaHcdopmaropa (puc. 1) cneayer, YTO NPUBEIEHHOE HANPSDKEHNE HAa BTO-
pUYHOI 0OMOTKE:

Ortcrona cieayer, 4To

(jzl:l}l_(jo:(}l_l};:ilzl’gl: .

Puc. 1. Cxema 3amernienns TpancopmaTopa

W3 obpaTtumoctu Tpanchopmaropa cieayer:

4=t U

I

3nech U Janee BEpXHU JIEBBIM UHIEKC «2» YKa3bIBAaeT, YTO BETUYMHA
[I0JIyuy€Ha BO BTOPOM (00paTUMOM) SKCIIEPUMEHTE.

IIpumep 1. Onpenenuts CONPOTUBIECHUS paccesHUs JUIsl TpaHCOp-
maropa OCM-1,00. U3mepeHHbI€ ¢ BBICOKOH TOYHOCTBIO BETUYUHBI:

U, =219,138 B; U’ =219,054¢"* B; I, =0,819¢7%"" A;
Ut =218,825 B; U, =218,343¢°" B; I} =0,817¢ /% A,

_ l]'l_l].; _ 219,138—219’054ej0,23°
B a 0,819€—j80,12°

z =1,075¢*%" (Om),

I
r,=1,0720m, x; =-0,081 Om,
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c =-—1 ! 039 (@),
2, 2mB30m,081

_UL-U, 218,825 -218,34367%%
- i B 0.817¢ /8037
I ,

I
%

=0,601¢’*" (Om),

Lo % 0562

_ I o) 1 790 [110_3 (FH)
=0,2110m x, =0,5620Om 21 2150

BbICOKOTOYHBIA MeTOJ KOPOTKOro 3amMbiKaHMs. M3 cxeMmbl 3ame-
nieHus: TpaHcdopmaropa CleyeT, 4To

. I’
_ 2
Uy=lyzy=1,z, z,==>2.
I,
[ToHOE CONMPOTUBIICHHUE TTPH KOPOTKOM 3aMBIKaHUHU
Z{)Zé I /10_2 I;
E = Zl + - : + : )
z,tz /
I L)1,z + I+I
. . ’
I’ I'
"o 2 r_ 2 !
LEat—T——5= 4% "5,
I !
L+1-1, 1,
I'
_Y_ 2
Z=—=4%tTx5
I, I,

Orcrona cienyer, 4To

U I
z=—-2z.
Il Il
3 O6paTI/IMOCTI/I TpaHC(bopMaTopa CJICOYCT:
5= zl.]; -la, z =i—lfé Z—I.]é—izl =ﬂ—iﬂ+£lz
L O U
I 1 O O/ s N A o Y
= . . . . . f e | . B . . .
I, ZI; L ZI; 1, ZI;_I; 211
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W3 obpaTtumoctu Tpanchopmaropa cieayer:

- ZU; 1,-U, 211
L=
L=
Ipumep 2. Tpanchopmatop OCM-1,00. M3mepeHHBIE C BBICOKOU
TOYHOCTBIO BEJIMYHHBL:

U, =5513B; I, =4,025¢ /%A I! =4,016¢ A ; U, =5,572 B ;
I, =4,061”"A; 1, =5,660e A

_UCL-ULL
121-11,
j20,71° _ - j20,48° -
5,513[4,061¢ 5,57214,016¢ :1’0726_]4,29 (Om),

4,025¢7" (30617~ 4,016¢* [3,660¢ >
1 =1,069 Om, x, =-0,080 Om,

r_ zUé il_Ul 211 _

LT T~

1°L-1°1

-j20,50° _ -j19.29° o
5,572[4,025¢ 5,513[3,660e = 0,597¢'%" (Om).

4,025¢77° 3,061/ - 4,016 [3,660e ">
r, =0,2100Mm, x, =0,559 Om,

Ipuéan:KeHHbI MeTOJ KOPOTKOr0 3aMbIKAHUS MPH MOCJIe10Ba-
TeJIbHOM COeMHEHHMH. Y JBYX MICHTHYHBIX TpaHC(HOPMATOPOB MOCIENO0-
BaTEJIbHO COEIMHAIOTCS KaK MEepBUYHbBIC, TAK U BTOPUYHBIE OOMOTKH. B pe-
3yJIbTaTe cXxeMa IPUHUMAET BUJL, IPEICTaBICHHBIN Ha pHcC. 2.

BBuay TOro, 4ro BENUYUHBI Z; U Z, 3HAYUTECIBHO MEHBIIC Z,, CIIpa-

BCOJINBO COOTHOIICHUC:

U, =0,5U, .

Ho U, =U_,, cnenosarensHo,
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& z
1 a
o | S| | S| o

IS

©, . O

c

Puc. 2. Cxema 3amelneHus 115 MOCISA0BATEILHOTO
COE€IUHEHUS

Benuuunsl 7, 1,, X, =X, X, onpenenstoTca U3BECTHBIMH DKCIIEPHU-

MCHTAJIbHBIMHM MCTOJaMM:

— [2_ 2 - —
Xy =z, =h 5, X =X T

Kpome Toro, nmociennuii pe3yabTaT MOXKET ObITh MOJYYEH C UCIOJIb-
30BaHHEM O0paTUMOCTH TpaHcopmaTopa,
- 22211]})0 , xl —_ 2 2 )

1

Ipumep 3. /IBa uaentuunbix Tpanchopmaropa OCM-1,00 coenune-
Hbl 10 CXE€M€ B COOTBETCTBHM C pHUC. 2. VI3MepeHHble BEIUYHHBIL:

U,=12B; I,=39A; 1 =1,10m =02 Om; x, =0,52 Om.

Z

X =x —x,=0,52-0,59 =—0,07 (Om).
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BoiBoabl. PeakTuBHOE COMPOTHBIICEHHUE pAacCEsTHUSI KaXKI0M OOMOTKHU
TpaHchopMaTopa B OTIEIBHOCTH MOXKET OBITh ONpENENeHO, 10 KpailHel
Mepe, TpeMsl HKCIIEPUMEHTAIBHBIMA METOAAMM, JAIOIIMMH YAOBIECTBOPH-
TEJIbHOE COBIIAJIEHUE PE3YJIbTATOB.

[Toutn napagoKCaJbHBIA pe3yJabTaT — €MKOCTHBIM XapakTep COIpO-
TUBJICHUS] PacCesHUsl BHYTPEHHEH OOMOTKHU MOJIYyYEH JIMLIb JUIsl KOHIEH-
TPUYECKUX LIMIMHAPUYECKUX 00MOTOK. O000IIaTh ero Ha Apyrue TUIIbl 00-
MOTOK HE clieflyeT. DTOT pe3yjbTaT He siBseTcsl OecnpeueneHTHbIM. MH-
INYKTHBHAs 3JIEKTPUYECKas MAalllMHA — CUHXPOHHBIN KOMIIEHCATOp B Iepe-
BO30YKIEHHOM COCTOSIHMM TOXKE€ HMEET €EMKOCTHBIM XapakTep.

[TpencraBieHHbIE DKCIIEPUMEHTAIBHBIE METOABI HE NPUBSA3AaHbI K Xa-
paKTepy pEaKkTUBHOCTH CONPOTHUBIIEHUN paccessHus. OHU SIBISIFOTCS YHH-
BEPCAIIbHBIMU — UX MO>KHO UCIOJIb30BATh IPH JIFOOBIX TUIIAX OOMOTOK.

[TosmyueHHBIE pe3ynbTaThl PEKOMEHIYETCSl UCIOJIb30BATh IIPU IIPOEK-
TUPOBAHUU U MCCIEA0BaHUU TPAHC(HOPMATOPOB.

bubaunorpaguyecknii Ciucoxk

1. Ilonos M.II. Yerslpe TeOpeMbl Il CUHXPOHHBIX MAIMH C PEak-
TUBHOI Harpy3koii // Bectauk [lepMckoro HalmoHaabHOTO HCCIEA0BATEb-
CKOTO IOJINTEXHUYECKOIO YHMBEPCUTETA. DJIEKTPOTEXHHMKA, MH(pOpMAaIu-
OHHbIE TEXHOJIOTUH, cUcTeMBbI yrnpasieHus. — 2018. — Ne 28. — C. 169-178.

2. Tlono N.I1. KoMOMHMpOBaHHBIE BEKTOPHI U MAarHUTHBIN 3apsin //
[puxnagnas ¢usuka m maremaruka. — 2018. — Ne 6. — C. 12-20. DOL:
10.25791/pfim.06.2018.329

3. ITonos N.I1. O6 oxgHO¥M TeopeMe Uii CHHXPOHHOM 3JIEKTPUUECKOM
mamunbl // [Ipunoxenne MareMaTUKU B DKOHOMHUYECKHMX M TEXHHUYECKHX
UCCIIEIOBAaHMAX: 0. HAayd. TP. MEXKIyHap. Hayd.-MPaKT. KOH}. / 1oz oOmI.
pen. B.C. Mxurapsina. — Marautoropck: M3n-Bo Marautorop. roc. TEXH.
yH-Ta uM. [.1. Hocosa, 2019. — C. 118-121.

4. JluneitHas snekTpuueckas mamuHa: nat. 2478252 RU, MIIK® H 02
K 33/16, H 02 K 41/02, H 02 K 1/06. / W.II. Ilonos, ®.H. Capamnynos,
C.®. Capanyno, B.M. Momkun (Poccus). — Ne 2011126563/07; 3asBi.
28.06.2011; omy6m. 27.03.2013. brom. Ne 9.

5. Homnos N.II. EMkocTHO-uHEpTHOE ycTpolicTBo // M3Bectuss CaHKT-
[TerepOypr. roc. anekTporexH. yH-Ta «JIDTU». — 2015. = T. 2. — C. 43-45.

6. Ilonos M.II. BpamarenbHble MHEPTHO-EMKOCTHBIE yCTpoiicTBa //
Bectauk Camap. roc. TexH. yH-T1a. Texuuueckue Hayku. — 2011. — Ne 3(31). —
C. 191-196.

155



U.Il Ilonos

7. DnexkTpuueckoe eMKocTHOe ycrpoictBo: mar. 2086065 (RU) /
W.I1. TTonoB. — 1997. — Ne 21.

8. Ilomo MW.II.,, Capanynos ®.H., Capanyno C.®. Vnopyro-
€MKOCTHbIE KOJ€OaHusl B JIEKTPOMEXAHUYECKUX cucTeMax // AKTyasjbHbIE
poGsieMbl 3HeprocoeperarIux 3nekrporexHonoruii AIIDOT-2014: c6.
Haydy. Tp. — EkarepunOypr: M3n-so YPOVY wum. nepsoro Ilpe3uaenta
Poccuu b.H. Enpunna, 2014. - C. 217, 218.

9. Ilonos N.I1. CioHTaHHBIE YIPYro-€MKOCTHBIE KOJI€0aHHsl B CUCTEMAX
aBTomatuku // Bectnuk Mopckoro roc. yH-ta um. aam. .M. HeBenbckoro.
Cep. ABroMarHueckoe YIpaBlieHHE, MaTeMaTHUeCKoe MOJENMPOBaHNE
u uHpopmamoHHble TexHojoruu. — 2017. — Beim. 78. — C. 93-96.

10. ITomos N.II. D1eKTpOMarHUTHBII MaxOBHUK JJIi OPUEHTUPOBAHUS
opOUTaNBHBIX 00bEKTOB // OOOPOHHBIN KOMILIEKC — HAYYHO-TEXHUYECKOMY
nporpeccy Poccun. —2019. — Ne 2. — C. 15-17.

11. An approach to power transformer asset management using
health index / A.N. Jahromi, R. Piercy, S. Cress, W. Fan // IEEE Electr
Insul Mag. — 2009. — Vol. 25. — P. 20-34.

12. Usage of nanotechnology based gas sensor for health assessment
and maintenance of transformers by DGA method / C. Anjali, B. Partha,
N.K. Roy, P. Kumbhakar // Int. Jour. Electr. Power and Energy Syst. —
2013.—-Vol. 45. - P. 137-141.

13. Elanien A., Salama M. M. M. Calculation of a health index for
oil-immersed transformers rated under 69kV using fuzzy logic // IEEE
Trans Dielectr Electr Insul. — 2012. — Vol. 27. — P. 2029-2036.

14. Diwyacitta K., Prasojo R.A., Suwarno. Study on Correlation
Among Oil Dielectric Characteristics, Dissolved Gases, and Operating Life
of 150 kV Power Transformer // Int. Jour. on Electrical Engineering and
Informatics. — 2017. — Vol. 9, No. 3. — P. 585-602.

15. Husain Z. Fuzzy Logic Expert System for Incipient Fault
Diagnosis of Power Transformers // Int. Jour. on Electrical Engineering and
Informatics. — 2018. — Vol. 10, No. 2. — P. 300-317.

16. Ranga C., Chandel A.K. Expert System for Health Index
Assessment of Power Transformers // Int. Jour. on Electrical Engineering
and Informatics. — 2017. — Vol. 9, No. 4. — P. 850-865.

17. Ranga C., Chandel A.K., Chandel R. Performance Analysis of
Cellulose and Nomex-910 Impregnated Oil Filled Power Transformers //
Int. Jour. on Electrical Engineering and Informatics. — 2017. — Vol. 9,
Ne 2. — P. 394-406.

156



Emkxocmuoe conpomugnenue paccesanust 00momku mpauncgopmamopa

18. Rahmati A., Sanaye P.M. Protection of power transformer using
multi criteria decision-making // Int. Jour. Electr Power and Energy Syst. —
2015. - Vol. 68. — P. 294-303.

19. Ghoneim S.S.M., M. Tahab I.B. A new approach of DGA
interpretation technique for transformer fault diagnosis // Int. Jour. Electr
Power and Energy Syst. — 2016. — Vol. 81. — P. 265-274.

20. Ranga C., Chandel A.K. Condition assessment of power
transformers based on multi attributes using fuzzy logic // IET Sci.
Measurement Tech. —2017. — Vol. 11. — P. 983-990.

References

1. Popov L.P. Chetyre teoremy dlia sinkhronnykh mashin s reaktivnoi
nagruzkoi [Four theorems for synchronous machines with reactive load].
Vestnik Permskogo natsional'nogo issledovatel'skogo politekhnicheskogo
universiteta.  Elektrotekhnika,  informatsionnye tekhnologii, sistemy
upravleniia, 2018, no. 28, pp. 169-178.

2. Popov LP. Kombinirovannye vektory i magnitnyi zariad
[Combined Vectors and Magnetic Charge]. Prikladnaia fizika i matematika,
2018, no. 6, pp. 12-20. DOI: 10.25791/pfim.06.2018.329

3. Popov LP. Ob odnoi teoreme dlia sinkhronnoi elektricheskoi
mashiny [On a theorem for a synchronous electric machine]. Prilozhenie
matematiki v ekonomicheskikh i tekhnicheskikh issledovaniiakh: sbornik
nauchnykh trudov mezhdunarodnoi nauchno-prakticheskoi konferentsii. Ed.
V.S. Mkhitariana. Magnitogorsk:  Magnitogorskii ~ gosudarstvennyi
tekhnicheskii universitet imeni G.I. Nosova, 2019, pp. 118-121.

4. Popov LP., Sarapulov F.N., Sarapulov S.F., Moshkin V.I. Lineinaia
elektricheskaia mashina [Linear electric machine]. Patent Rossiiskaia
Federatsiia no. 2478252 (2013).

5. Popov L.P. Emkostno-inertnoe ustroistvo [Capacitive-inert device]
Izvestiia Sankt-Peterburgskogo gosudarstvennogo elektrotekhnicheskogo
universiteta “LETI”, 2015, vol. 2, pp. 43-45.

6. Popov L.P. Vrashchatel'nye inertno-emkostnye ustroistva
[Rotational inert-capacitive devices]. Vestnik Samarskogo gosudarst-
vennogo tekhnicheskogo universiteta. Tekhnicheskie nauki, 2011,
no. 3(31), pp. 191-196.

7. Popov L.P. Elektricheskoe emkostnoe ustroistvo [Electric capacitive
device]. Patent Rossiiskaia Federatsiia no. 2086065 (1997).

157



U.Il Ilonos

8. Popov LP., Sarapulov F.N., Sarapulov S.F. Uprugo-emkostnye kole-
baniia v elektromekhanicheskikh sistemakh [Elastic-capacitive oscillations in
electromechanical systems]. Aktual'nye problemy energosberegaiushchikh
elektrotekhnologii APEET-2014: sbornik nauchnykh trudov. Ekaterinburg:
Ural'skii federal'nyi universitet imeni pervogo Prezidenta Rossii B.N. El'tsina,
2014, pp. 217, 218.

9. Popov L.P. Spontannye uprugo-emkostnye kolebaniia v sistemakh
avtomatiki [Spontaneous elastic capacitive oscillations in automation
systems]. Vestnik Morskogo gosudarstvennogo universiteta imeni admirala
G.1. Nevel'skogo. Avtomaticheskoe upravlenie, matematicheskoe modeliro-
vanie i informatsionnye tekhnologii, 2017, iss. 78, pp. 93-96.

10. Popov LP. Elektromagnitnyi makhovik dlia orientirovaniia
orbital'nykh ob"ektov [Electromagnetic flywheel for orbital objects
orientation]. Oboronnyi kompleks - nauchno-tekhnicheskomu progressu
Rossii, 2019, no. 2, pp. 15-17.

11. Jahromi A.N., Piercy R., Cress S., Fan W. An approach to
power transformer asset management using health index. IEEE Electr
Insul Mag, 2009, vol. 25, pp. 20-34.

12. C. Anjali, B. Partha, N.K. Roy, P. Kumbhakar Usage of
nanotechnology based gas sensor for health assessment and maintenance of
transformers by DGA method. Int. Jour. Electr. Power and Energy Syst,
2013, vol. 45, pp. 137-141.

13. Elanien A., Salama M. M. M. Calculation of a health index for
oil-immersed transformers rated under 69kV using fuzzy logic. IEEE Trans
Dielectr Electr Insul, 2012, vol. 27, pp. 2029-2036.

14. Diwyacitta K., Prasojo R.A., Suwarno. Study on Correlation
Among Oil Dielectric Characteristics, Dissolved Gases, and Operating Life
of 150 kV Power Transformer. Int. Jour. on Electrical Engineering and
Informatics, 2017, vol. 9, no. 3, pp. 585-602.

15. Husain Z. Fuzzy Logic Expert System for Incipient Fault
Diagnosis of Power Transformers. Int. Jour. on Electrical Engineering and
Informatics, 2018, vol. 10, no. 2, pp. 300-317.

16. Ranga C., Chandel A.K. Expert System for Health Index
Assessment of Power Transformers. Int. Jour. on Electrical Engineering
and Informatics, 2017, vol. 9, no. 4, pp. 850-865.

17. Ranga C., Chandel A.K., Chandel R. Performance Analysis
of Cellulose and Nomex-910 Impregnated Oil Filled Power Transformers.

158



Emkxocmuoe conpomugnenue paccesanust 00momku mpauncgopmamopa

Int. Jour. on Electrical Engineering and Informatics, 2017, vol. 9, no. 2,
pp- 394-406.

18. Rahmati A., Sanaye P.M. Protection of power transformer using
multi criteria decision-making. Int. Jour. Electr. Power and Energy Syst,
2015, vol. 68, pp. 294-303.

19. Ghoneim S.S.M., M. Tahab IL.B. A new approach of DGA
interpretation technique for transformer fault diagnosis. Int. Jour. Electr
Power and Energy Syst, 2016, vol. 81, pp. 265-274.

20. Ranga C., Chandel A.K. Condition assessment of power
transformers based on multi attributes using fuzzy logic. IET Sci.
Measurement Tech, 2017, vol. 11, p. 983-990.

Cgenenusi 00 aBTope

IHonos HUrops IlaBaosuu (Kypran, Poccus) — crapmmii npenoaana-
Tenb Kadenpsl «TexHOIOrus MallMHOCTPOCHHUSI, METAJNIOPEKYIUE CTAaHKU
U MHCTpyMEHThI» Kypranckoro rocynapcrseHHoro ynusepcutera (640020,
Kypran, yn. CoBetckas, 63/4, e-mail: ip.popow@yandex.ru).

About the author

Popov Igor Pavlovich (Kurgan, Russian Federation) is a Senior Lec-
turer of the Department "Technology of mechanical engineering, machine
tools and instruments" Kurgan State University (640020, Kurgan, 63/4,
Sovetskaya str., e-mail: ip.popow@yandex.ru).

[onyueno 30.10.2019

159



